Objectives Caries process comprises acidogenic and aciduric bacteria that are responsible for lowering the pH and subsequent destruction of hydroxyapatite matrix in enamel and dentine. The aim of this study was to identify the correlation between the pH gradient of a carious lesion and proportion and distribution of four bacterial genera; lactobacilli, streptococci, prevotellae, and fusobacteria with regard to total load of bacteria. Materials and methods A total of 25 teeth with extensive dentinal caries were sampled in sequential layers. Using quantitative real-time PCR of 16S rRNA gene, we quantified the total load of bacteria as well as the proportion of the abovementioned genera following pH measurement of each sample with a fine microelectrode. Results We demonstrated the presence of a pH gradient across the lesion with a strong association between the quantity of lactobacilli and the lowest pH range (pH 4.5-5.0; p=0.003). Streptococci had a tendency to occupy the most superficial aspect of the carious lesion but showed no correlation to any pH value. Prevotellae showed clear preference for the pH range 5.5-6.0 (p=0.042). The total representation of these four genera did not reach more than one quarter of the total bacterial load in most carious samples. Conclusion We revealed differential colonization behavior of bacteria with respect to pH gradient and a lower than expected abundance of lactobacilli and streptococci in established carious lesions. The data indicate the numerical importance of relatively unexplored taxa within the lesion of dentinal caries. Clinical relevance The gradient nature of pH in the lesion as well as colonization difference of examined bacterial taxa with reference to pH provides a new insight in regard to conservative caries management.
Introduction
Dental caries is a continuum in which acidogenic and aciduric bacteria, availability of fermentable carbohydrate, salivary function, and fluoride concentration will define the direction for de-and remineralization [1] . The large body of literature on microbiology of caries emphasizes the role of streptococci and lactobacilli, suggesting that these should comprise the majority of the complex and diverse total load of bacteria in established dentinal lesions. A particular focus has been the capacity of species within these genera to produce and tolerate low pH environments sufficient to demineralize hydroxyapatite matrices [2] . Moreover, gram-negative species including prevotellae and fusobacteria have also been detected frequently in carious dentine [3, 4] . In an earlier study, members of Prevotella comprised 15 % of the species among 75 bacterial taxa identified in 10 carious lesions [3] . On the other hand, strains of Prevotella intermedia and Fusobacterium nucleatum are shown to increase their metabolic activity under acidic conditions [5] . However, quantitative insight into the contribution of these genera to the total load of bacteria is not available. How these organisms colonize and invade dentine is largely unknown. An ecological plaque hypothesis has been proposed to explain the succession of species leading to a mature, climax community, in which nutrient availability, oxygen tension, and environmental concentration of hydrogen ions have a major influence on bacterial composition of the lesion [6, 7] . The profiles of pH and organic acids within carious dentine have been of interest to researchers in the field, since Stephan's description of caries as a pH-mediated disease [8, 9] . Macgregor studied the presence of acid in dentine and enamel caries using methyl red to confirm low pH values in dentine lesions [10] . While acid and base production by bacteria and their pH lowering potential and tolerance has been widely studied in vitro [5, [11] [12] [13] [14] [15] , the pH and organic acid composition of dentinal caries was not examined, until Hojo et al. demonstrated ex vivo the organic acid profile and pH of carious lesions of dentine [16] . Nevertheless, to date, the relationship between the bacterial component of the lesion and its pH value has not been studied in a quantitative manner.
The aim of this study was to assess pH gradient of a dentine caries lesion and to identify any correlation between the pH of the lesion and the quantity of four bacterial genera, including two widely proclaimed acidogenic and/or aciduric gram-positive genera, lactobacilli and streptococci, as well as two gram-negative genera, Prevotella and Fusobacterium, which are highly associated with caries. The total load of bacteria was also measured in order to have a unified scale. Findings from this study provide further knowledge to improve conservative restorative approaches including atraumatic restorative treatment of caries.
Materials and methods

Sampling and DNA isolation
Permanent molar or premolar teeth with occlusal or proximal caries (n=25) comprising open cavities and with a diagnosis of irreversible pulpitis were extracted, with informed consent from adult patients, following a discussion on possible treatment options in regard to the affected tooth according to the guidelines of the ethics committee (NSW Health, protocol number X07-0261). Lesions in the sampled teeth presented with relative characteristics of an active lesion, including soft to leathery dentine texture. However, since further classification of dentine caries (powdery, leathery, soft, semihard, or hard) is not universally standardized and can be subjective to some extent, we did not attempt to categorize these lesions according to their presenting dentine texture. We did not include any recurrent or arrested (hard, darkly stained) lesion in this study. Subjects had not taken antibiotics within 4 weeks prior to extraction, and no carbohydrate intake was noted for at least 2 h prior to extraction. Using a sterile slow speed handpiece and sterile size one round bur, four or five sequential layers of 1-mm-thick dentine samples were taken from the tooth, and as accurately as the technique allowed, starting circumferentially from the carious lesion and progressing into sound dentine as the last layer. Minimal cross-contamination between layers was unavoidable, although all care was taken to prevent this. All samples were taken by a single calibrated dentist. A total of 111 samples with a minimum wet weight of 7 mg were suspended in 0.9 % NaCl to a concentration of 1 mg in 4 μl of saline. Calibration trials confirmed the stability of hydrogen ion concentration of the suspension over the limited time period of sampling. Following immediate pH measurement at ambient temperature, 4 μl of the suspension was taken for DNA isolation. Purification and extraction of DNA was performed using the QIAamp DNA Mini Kit (Qiagen, Australia), as described previously [3, 17, 18] . DNA concentration (A 260 ) and purity (A 260 /A 280 ) were determined using a NanoPhotometer (Implen, Munich, Germany).
Primer and probe sets for real-time qPCR
Over 340 complete sequences of 16S rRNA genes of species and strains of oral bacteria were collected from the National Collection for Biotechnology Information database (http:// www.ncbi.nlm.nih.gov), including 91 Lactobacillus spp., 79 Streptococcus spp., 16 Fusobacterium spp., 37 Prevotella spp., and 122 species or strains of known human bacterial flora (see "Supplementary data"). Alignment of these 16S rRNA gene sequences using ClustalW2 multiple sequence alignment software [19] enabled the identification of optimal conserved and hypervariable regions for the design of quantitative real-time PCR (qPCR) primers and fluorophorequencher probe sets for the streptococcal, prevotellae, and fusobacteria genera (Table 1 , column A). The possibility of cross-hybridization to other bacterial genes was also excluded by BLAST search [20] . Primers and probes were synthetized by Integrated DNA Technologies, Inc. (Coralville, Iowa) and validated for specificity against a number of representative species (Table 1, column B; Fig. 1.) . Lactobacilli SYBR® Green primer set was as designed and validated previously [17] . Total load of bacteria in each sample was also measured using the fluorophore-quencher TaqMan® universal primer and probe set as designed and tested previously [21] .
Quantitative real-time PCR and enumeration of bacterial cell numbers qPCR is a relatively accurate and sensitive method in quantification of small number of bacteria [22] . In a bacterial community, where dead and alive mixture of bacteria may present, the nuclease activity of bacteria will decompose the remnants of DNA, and hence, false overdetection and overquantification of dead bacteria is inherently minimized [23] . We carried out qPCR in triplicate in 25 μl volume reactions using Platinum® quantitative PCR SuperMix-UDG (Invitrogen™) for TaqMan primer and probe sets and Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen™) for the lactobacilli primer set, [18] c Oligonucleotide probes were labeled with 6-carboxyfluorescein (FAM) fluorescent reporter at the 5′ end and Iowa Black® FQ dark quencher at the 3′ end d From Byun et al. [14] containing 200 μM of forward and reverse primers and 100 pg to 1 μg of genomic DNA template, as well as 100 μM of fluorogenic probe for TaqMan primer and probe sets. The realtime PCR conditions were set at 95°C for 2 min followed by 40 cycles of 95°C for 15 s and 60°C for 30 s for the universal primer and probe set. The PCR condition for streptococci, Prevotella spp., and Fusobacterium spp. was set at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, and 58°C for 30 s. The lactobacilli SYBR Green PCR condition was set at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, and 62°C for 1 min and a third step of one cycle of 95°C for 1 min and 55°C for 30 s and 95°C for 30 s, as these conditions were optimized according to annealing temperatures for oligonucleotide primer and probe sets as well as instrument documentation (Stratagene Mx3005P, Agilent Technologies, Inc., Santa Clara, CA). To determine the theoretical cell numbers with qPCR, a standard curve using extracted DNA from Streptococcus mutans against the streptococcal probe and primer set was employed to represent streptococcal numbers. The quantities, based on the molecular weight of the DNA standard and number of 16 s rRNA gene copies [24] , were converted to bacterial numbers, using the known genome size of S. mutans NCTC 10449 and adjusted for 5. We performed pH measurements using a minimum of 30 μl suspension of dentine samples at 1 mg per 4 μl of saline, to give a stable suspension [16] . To measure pH, we used a palladium Touch Microelectrode (Beetrode® NMPH3, World Precision Instruments Ltd., UK) with a 100 μm sensor tip. We measured pH of the samples within 15 min following suspension preparation. Calibration trials confirmed the stability of hydrogen ion concentration of the suspension over the limited time period of sampling. The time frame from tooth extraction to dentine removal and pH measurement was about 45 min. However, pH reads were consistent and reliable at ambient temperature for 15 min from the time of suspension preparation. Three noncarious control teeth were also included in the pH measurement.
Statistical analysis
Nonparametric Mann-Whitney U (Wilcoxon rank-sum test) as well as median test was performed to compare the concentration of bacteria within different pH groups. Correlation Fig. 1 pH gradients of dentine samples at different depth in 25 carious teeth as well as in three noncarious controls. The most superficial layer of the carious dentine is Layer 1, progressing deeper at 1 mm intervals into sound dentine. The last layer of each tooth was within sound dentine. There is significant correlation between increasing pH and increasing depth of the dentin sample (R=0.497; p< 0.001). Controls were three sound third molar teeth extracted for noncaries reasons coefficient and bivariate regression analysis were used to assess pH gradient trend within layers. Pearson two-tailed correlation analysis was used to assess association between bacterial genera at different layers. Multiple regression analysis was performed to find if there was a statistically meaningful predictive factor for pH as the dependent variable. HolmBonferroni correction of significance level was applied to avoid overestimated interpretation of sequential group comparisons [25] . All statistical analyses of data were performed using IBM® SPSS® Statistics 19.0 GradPack software.
Results
pH gradient within a carious tooth
The pH gradients of carious dentine were found to range from 4.54 to 7.79, with the most superficial dentine layer invariably the most acidic (Fig. 1) . Correlation coefficient from bivariate regression analysis showed a significant linear trend (R=0.497; p<0.001) of increasing pH from the superficial layer of carious dentine to the deeper sound dentine. In general, pH difference between superficial dentine to the deepest dentine sample within a carious tooth averaged 1.132 pH units. By comparison, three control healthy teeth showed dentinal pH values of between 6.8 and 7.9 but without graded changes according to depth of sample.
Colonization of carious dentine by selected bacterial genera Total load of bacteria as quantified by a universal primer/probe set showed a range of 1.379×10 3 to 1.153×10 8 bacteria per milligram of dentine. As expected, total bacterial load decreased with the depth of dentine (p=0.002). Streptococci were detected in the range of 1 to 5.506×10 6 bacteria/mg. Fusobacteria ranged from undetectable to 1.605×10 4 bacteria/mg, prevotellae from undetectable to 2.605×10 5 bacteria/mg, and lactobacilli ranging from 1 to 8.706×10 6 bacteria/mg dentine ( Table 2. ). The cumulative percentage contributed by the four genera reached only 22 % of total bacterial load, except for one tooth, where streptococci contributed up to 64 % of total bacterial load (Fig. 2a) . As a proportion of total bacterial load, only streptococci were significantly more abundant in the most superficial layer of dentine (p=0.048), while the proportion of other genera studied did not show a correlation with the depth of the lesion. The maximum percentage contribution of streptococci, lactobacilli, prevotellae, and fusobacteria to total bacteria load was 64, 22, 3.5, and 0.9 %, respectively. The mean and median rank of lactobacilli was generally higher than for other taxa, followed by streptococci, prevotellae, and fusobacteria. However, streptococci comprised a negligible proportion in 15 teeth, and lactobacilli were proportionally dominant in 11 of these (teeth A, B, E, J, M, N, O, S, T, V, and Y; Fig. 2b) . Similarly, in 8 teeth (C, F, H, L, P, R, W, and X), lactobacilli made up less than 1 % of the total bacterial flora, yet streptococci proportionally dominated the lesion in three of these teeth (H, L, and X). Overall, prevotellae and fusobacteria contributed only a small percentage of the total bacterial population in most samples, but there was a consistent correlation (p=0.002) between these two groups of bacteria overall and also in all layers of carious dentine, as determined by two-tailed Pearson correlation analysis. Details of bacterial concentration as well as pH values are presented in the "Supplementary table".
Correlation between dentinal pH and colonization of specific genera By grouping dentine samples into five pH intervals of 0.5 units, a number of colonization patterns could be detected. Lactobacilli showed a clear propensity for a low pH environment, being most abundant in the pH range 4.5-5.0 (p=0.003) ( Table 3 ; Fig. 3 ). Within eight teeth showing predominant dentinal pH below 5.5 (a critical pH, below which dissolution of hydroxyapatite crystals occurs), six showed relative dominance of lactobacilli over the other three genera (Fig. 2b) . On the other hand, prevotellae were observed to favor the pH range of 5.5-6.0 (p=0.042). No statistically significant correlation was found between the colonization of streptococci or fusobacteria with dentinal pH levels. Multiple regression analysis for four genera as well as total load as predictive factors for pH did not indicate statistically significant trends.
Discussion pH of dentine caries
Although there have been numerous studies that measured the pH of the superficial plaque biofilm [26] [27] [28] [29] [30] [31] [32] [33] [34] , there are only a limited number of pH studies on dentinal carious lesion in the literature. The first study on hydrogen ion concentration on the tooth surface dates back to Stephen's report in 1940 [28] . Further, using finer antimony electrodes, a positive correlation between late stages of caries and the fall in pH value on the surface of the tooth was concluded [29] . Methyl red was used later and showed pH of below 5 in carious dentine [10] . The use of an antimony pH electrode was reported as a useful tool in plaque pH studies [27] . Dirksen et al. used 2 mm tip microantimony electrodes to study pH of the carious dentine and showed relatively higher acidities compared to the present study and earlier pH studies on carious lesions [35] . Values obtained for pH in the present study concur with previous analysis of acid gradient in caries, where a single sample was taken from each tooth according to the estimated active or arrested status of the lesion [16] . However, by assessing sequential samples in our study, we report that it is the most superficial part of the lesion that is most acidic. This contrasts with an earlier report that acidity increases in the depth of the lesion. Early pH study of dentine caries examined lesions in two layers only and used a 2 mm tip pH electrode [35] . In comparison, we used a 20 times finer pH microelectrode with a 100 μm tip diameter. Multiple sequential samples were taken from each lesion in our study, which enabled us to provide a more realistic pH gradient analysis of a dentine lesion. Progress in understanding is restricted by available technology. In the present study, a minimum of 30 μl saline suspension was needed to measure pH of dentine samples with the fine probe, and therefore at least 7 mg of dentine was required to prepare a 1 mg in 4 μl suspension. Accordingly, samples could not be separated at a finer level than 7 mg. Furthermore, the method used multiple sterile slow speed round burs, so that sampling through macroscopically unaffected sound dentine was possible. Hence, a degree of cross contamination between different dentine samples on each tooth was unavoidable. Nevertheless, the technique was reproducible and the findings informative.
pH and bacterial colonization Previous analysis of pH and organic acid profile in highly acidic lesions (mean pH 4.9) showed high levels of lactate as a major product of acidogenic lactobacilli and streptococci [16, 36] . Lesions with less acidic pH (mean pH 5.7) and more neutral pH were associated with acetic and propionic acids.
Acetate and propionate have been shown to be produced by gram-negative bacteria such as prevotellae [37] . These findings explain our observation that prevotellae showed tendency for pH range 5.5-6.0 (p=0.42), while lactobacilli were associated with the more acidic regions of carious lesions (p= 0.003). Some prevotellae and fusobacteria are capable of amino acid fermentation [38, 39] . The production of lactic acid by lactobacilli has been proposed to be significant in generating and maintaining a low pH environment [2] . The tendency for streptococci to occupy more superficial layers of the lesion suggests a preference of this genus for open access to exogenous substrates. It was noteworthy that numbers of streptococci did not correlate to dentinal pH, as members of this genus are implicated in caries initiation [40] . A possible explanation is that not all oral streptococci are aciduric, despite their in vitro pH lowering potential and acid tolerance [11, 12] . Functional coassociation between a number of acid sensitive Streptococcus spp. with Veillonella spp. has been reported, due to the utilization of lactate by Veillonella species to create a less acidic local environment [41, 42] . Therefore, a number of different streptococcal species may colonize at different pH values. There remain large numbers of unidentified bacteria within these samples that may also contribute to the generation and maintenance of the pH gradient or alternatively, preferentially, colonize these acidic microenvironments within the carious lesion. It has been proposed that S. mutans and lactobacilli can dominate a lesion at pH 5 or lower, according to controlled chemostat, and batch culture studies showing that they are more competitive under highly acidic conditions [7, 40, 43] . Our combined pH and bacterial study showed that in vivo, no constant domination of a lesion by these more aciduric and acidogenic genera could be found. Following enamel destruction, dentine provides a different environmental niche for bacteria involved in caries progression. It contains a higher proportion of organic matrix and lower inorganic component than enamel. The hydroxyapatite crystals of dentine are reported to be calcium poor and carbonate rich in comparison to pure hydroxyapatite [44] , and dentine dissolution can occur at higher pH levels compared to enamel [45] . Hence, this may allow colonization of diverse bacterial taxa that are not as acidogenic as required for initial enamel destruction. Acid-intolerant members of other bacterial taxa including gram-negative species, which are numerous in the oral cavity, may colonize the less acidic regions of a lesion and give rise to a more complex bacterial consortium. Nevertheless, pH of the environment and bacterial colonization are closely related and can have dynamic influence on each other [7] . Further, the availability of metabolic substrate at different part of a lesion and oxygen tension can also have an impact on this microbial selection [46, 47] .
Proportion of examined bacterial genera
Despite emphasis on mutans and non-mutans streptococci as well as Lactobacillus spp. in the carious process [11, 36, [48] [49] [50] [51] , a lower than expected contribution of these genera to total microbial load was observed in this study. The role of streptococci in caries initiation is not excluded by our results; however, the role of S. mutans has been argued extensively from combined longitudinal and cross-sectional bacterial profile analysis of caries [52] . Our results indicate that progression of the lesion is probably not dependent on members of this genus. Recent molecular study by cloning and sequencing showed that 10 % of teeth with rampant caries did not have detectable levels of S. mutans [53] . Gross et al. grouped carious lesions as either S. mutans dominant, Lactobacillus spp. dominant, S. mutans and Lactobacillus spp. dominant, or a group with poor representation of both S. mutans and lactobacilli [54] . Cross-sectional analysis in the present study detected streptococci in most lesions, although in 15/25 of teeth, streptococci comprised less than 1 % of total bacterial population. In 8/25 of teeth, the contribution of lactobacilli was less than 1 % of total load. We found Prevotella spp. at proportionally lower levels but higher than Fusobacterium spp., findings compatible with previous investigations of Fig. 3 Concentration (bacteria/ mg) of four genera at each pH range with standard deviation and median. a Lactobacillus spp. show a robust propensity (p=0.003) for the lowest pH range (4.5-5.0). b Streptococcus spp. have variable concentrations at different pH ranges, and no correlation to any pH group was observed. c Prevotella spp. revealed a strong tendency (p= 0.042) for pH range (5.5-6.0). d Fusobacterium spp. showed no propensity for any pH group. They could be considered outliers with very low concentration levels advanced caries [18, 48] . Fusobacterium spp. showed significant correlation with concentration of Prevotella spp. in caries, possibly reflecting microhabitat influences [55] .
Although results from this work provided information regarding the quantity of lactobacilli, streptococci, prevotellae, and fusobacteria in carious lesions, there were restrictions imposed by the methods employed. In designing an optimum qPCR primer and probe set, many factors should be addressed; namely, length of the amplicon, position of the probe, GC content, optimum melting temperature, standard curve and correct cycle threshold detection level, as well as sensitivity and specificity of the primers [22, 56] . All attempts were made to address the criteria required for an optimum qPCR assay; however, real-time PCR requires sequence data of the target genes, and the detection level is limited to known bacteria, which have previously been sequenced [22] . Hence, coverage of the target bacterial genera in the present study may have been restricted by the availability of sequence data for the species within each genus. Also, what is ultimately achieved from the quantification of bacteria in a qPCR-based study is relative to the processed standard curve, and any unanticipated error through standard curve construction can adversely affect the interpretation of results [57, 58] . Also, it would impose a considerable cost and time to individually assess all samples for more than a few bacteria by real-time PCR. In order to curb qPCR limitations and also to achieve a breadth of knowledge in regard to caries microbiota, pyrosequencing analysis may provide a comprehensive knowledge in the field.
Potential clinical implication of findings
The presence of a pH gradient in a lesion may have particular significance in minimal intervention dentistry with particular reference to atraumatic restorative treatment (ART) of caries. ART removes the most active site of the lesion, known as infected dentine, presumably excluding the most acidic part containing the majority of acidogenic and aciduric bacteria, and sealing the lesion with a restorative material. This has been a relatively successful method in minimal intervention dentistry [59] . A wide range of materials have been used to seal the lesion, including the placement of composite resin following chemomechanical removal of caries. The outcome achieved is 46 % success rate over a 2-year period [60] . However, comparison of ART approaches to conventional restorative treatment of caries has indicated little difference between the two methods [61] . Compomer and glass ionomer (GI) materials were compared at 1-year review and found to be equivalent, although the authors noted the follow-up time was not long enough to extrapolate a conclusive success rate [62] . Resin-modified glass ionomer materials have shown promising longer-term success rates of over 70 % in both primary and permanent dentitions [63, 64] . A 3-year study of ART using amalgam and glass ionomer materials in singleand multi-surface restorations showed over 80 % and less than 50 % survival rate, respectively; however, there was no statistically significant difference in longevity between the two materials [65] . In contrast, lower survival rates were observed in a 5-year follow-up study of ART procedure on first permanent molars with composite resin and glass ionomer, with less than 14 % survival rate for both materials [66] . Overall, using high viscosity glass ionomer materials is known as a long lasting approach in ART, especially in single-surface restorations [59, [65] [66] [67] . Nevertheless, there remain high failure rates due to both mechanical defects and caries development under such restorations [67] .
Interestingly, although ART aims to remove the active caries site that is associated with greater acidity, none of the materials used in the ART procedure demonstrate a proven buffering capacity. In fact, a number of acids are used in glass ionomer material to optimize the workability, setting time, and also to improve physical properties of the GI materials in an acid-base reaction, which leads to an initial acidic phase [68] . While clinical macroscopic evaluation of a lesion in guiding removal of the active parts of the lesion can be relatively acceptable, the presence of an acidic pH gradient in the depth of the lesion can provide an acceptable environment for aciduric and acidogenic anaerobic bacteria under a sealed restoration. To date, no pre or posttreatment of the lesion with a high-pH conditioner has been examined to evaluate the effect on the ART approach. Findings from this study indicate that chemical treatment of a lesion to influence pH may improve the success rate of the ART procedure in minimal intervention dentistry. Acid conditioning of dentine widens dentine tubular system to provide a better chemomechanical interlocking retention [69] . To minimize failure due to secondary caries formation, it appears reasonable to pretreat the prepared cavity with a high-pH conditioner.
